A functional role for the tubuloglomerular feedback mechanism  by Blantz, Roland C. & Pelayo, Juan C.
Kidney International, Vol. 25 (1984), pp. 739—746
EDITORIAL REVIEW
A functional role for the tubuloglomerular feedback mechanism
There is increasing physiologic evidence that the tubulo-
glomerular feedback mechanism exerts an important, functional
role in the renal control of volume homeostasis. At this junc-
ture, the evidence is not complete but must be considered
strongly circumstantial, derived from a variety of recent stud-
ies. The tubuloglomerular feedback system functions to prevent
renal volume losses apparently through a fine regulatory mech-
anism that acts to preserve a constancy of tubular flow rates [1—
3]. Flow rates appear to be controlled around a range of normal
values for either the late proximal or early distal tubular flow
rate by a combined vasoconstrictor-vasodilator capacity which
influences nephron filtration rate [4]. Investigations now extend
beyond the single nephron microperfusion studies conducted
during the past several years which established the existence of
a relationship between late proximal microperfusion rate, distal
tubular delivery and tubular reabsorption and the resulting
nephron filtration rate [4—7]. Several examples, potentially
pertinent to clinical medicine, exist which provide reasonable
evidence that activation or suppression of tubuloglomerular
feedback mechanisms contribute significantly to alterations in
normal renal physiology. It is doubtful whether most nephrolo-
gists and renal physiologists outside this specific field of investi-
gation currently readily appreciate the impact of the tubulo-
glomerular feedback mechanism on normal and altered renal
function. We will attempt to summarize some of the recent
examples in which data support the hypothesis of a functional
role for feedback mechanisms.
Compelling evidence for the existence of a functioning
tubuloglomerular feedback system is now firmly established,
based primarily on studies derived at the single nephron level
utilizing micropuncture methods [4—7]. Thurau and Schner-
mann, we feel, should be credited with the primary theoretical
input and with providing the early and continuing evidence for a
tubular sensor, located beyond the proximal tubule, probably at
the macula densa region of the late ascending limb of the loop of
Henle. This tubular sensor responds to alterations in the
perfusion rate with sodium chloride-containing solutions by
effecting a major change in nephron filtration rate (SNGFR) [2—
4]. Current directions of active research relate to (1) defining
the characteristics of the sensor or afferent limb of the negative
feedback loop [7, 8], (2) defining the specific characteristics of
the efferent mechanisms leading to changes in nephron filtration
rate [9—11], and (3) modeling analysis of the specific cybernetic
characteristics of the feedback mechanism [12, 13]. Advances
are being made in these areas and data are being generated from
studies at the level of single nephron microperfusion studies.
Much less investigative effort has been applied to the examina-
tion of (1) the specific physiologic conditions in which a
functional role for tubuloglomerular feedback mechanisms can
be demonstrated and (2) conditions in which inhibition or
suppression of normal feedback activity can be shown to
produce definable physiologic consequences. This review fo-
cuses on the latter issues and ignores some of the specific
details relating to afferent and efferent mechanisms which, we
feel, were adequately covered in a recent symposium on the
juxtaglomerular apparatus published in this Journal.
Several facts relating to tubuloglomerular feedback mecha-
nisms need to be clarified before presenting a case for a major
functional role for such intrarenal systems. It is clear that in
addition to tubuloglomerular feedback mechanisms, other sys-
temic, hormonal, and physical factors influence both tubular
reabsorption and glomerular ultrafiltration, such that it is often
difficult to clearly assess the particular contribution of either
activation or suppression of feedback mechanism to the final
renal response. The complexity of the factors influencing the
overall physiologic response is undoubtedly one of the reasons
that the initial and ongoing studies which examine the operation
of tubuloglomerular feedback mechanisms have largely been
conducted at the level of the single nephron where rates of flow,
that is, by microperfusion of the loop of Henle and distal tubule,
can be controlled specifically and responses of nephron filtra-
tion rate examined in relative isolation. An evaluation of the
functional role of tubuloglomerular feedback mechanisms at the
whole kidney level must assess whether the quantitative infor-
mation obtained at this single nephron level is directly applica-
ble or must it be modified? Several general truths can, however,
be applied. It appears that the feedback system is most respon-
sive at or around the normal flow rates in late proximal and
distal tubules [4, 5, 10, 12], that is, small changes in flow rate
upward or downward from the normal values will produce the
greatest changes in nephron filtration rate or the steepest
relation of effector response to afferent stimulus [4, 12—15].
However, it should be recalled that a specific "gain" on this
relationship cannot be meaningfully assigned until the specific
afferent signal has been precisely defined (that is, Eq/min of
Cl reabsorbed by macula densa cells). In addition, the primary
"regulated entity" has not been defined, but it is likely the rate
of tubular flow of solutes and water at some nephron site and is
not likely that nephron filtration rate is the primarily regulated
entity.
Recent studies have begun to clarify the specific mechanisms
whereby tubuloglomerular feedback mechanisms cause changes
in nephron filtration rate. Before any rational assessment of
the functional role of the feedback system to the normal control
of renal function can occur, the specific determinants of glomer-
ular ultrafiltration which constitute the effector limb of tubulo-
glomerular feedback should be understood. Examinations at the
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single nephron level by Briggs and Wright [9] and Ichikawa [11,
16] utilized measurement of all the determinants of glomerular
ultrafiltration before and during major elevations in the late
proximal microperfusion rate. Briggs and Wright [9] assessed
glomerular capillary pressure by stop-flow techniques and
Ichikawa [11, 16] utilized direct glomerular capillary pressure
measurements. Results of both studies agree that the reductions
in nephron filtration rate consequent to feedback activation
were primarily the result of increased vascular resistance and
reductions in nephron plasma flow. Although the authors of
both studies note a decrease in nephron filtration fraction,
Briggs and Wright [9] also observed a reduction in the glomeru-
lar capillary hydrostatic pressure gradient (P), whereas Ichika-
wa [16] observed a significant decrease in the glomerular
ultrafiltration coefficient (LpA or Kf) and no changes in hydro-
static pressures.
Persson, Gushwa, and Blantz [17] have examined changes in
directly measured glomerular capillary hydrostatic pressure
(P0) during feedback activation in hydropenic rats under condi-
tions that eliminate any possibility of artifactual alterations in
glomerular capillary hydrostatic pressure. With increased late
proximal flow rate to 40 nl/min, directly measured PG decreased
consistently by 9 mm Hg. However, in rats treated with
blockers of both angiotensin II and prostaglandin activity,
similar increases in late proximal flow rate produced a signifi-
cant decrease in nephron filtration rate, but in the absence of
observable changes in PG. These results demonstrate that in
certain physiologic conditions, feedback-induced changes in
nephron filtration rate can occur by mechanisms independent of
alterations in P0.
With these general concepts in mind, observed primarily
from examination of the operation of the tubuloglomerular
feedback system at the levelof the single nephron, we will now
focus on the evidence which supports a major functional role
for feedback mechanisms in the regulation of renal function in
normal and altered physiologic conditions.
Experimental conditions: role of tubuloglomerular feedback
mechanisms in the regulation of renal function
Evidence has accumulated in several physiologic condi-
tions in which tubuloglomerular feedback mechanisms impact
significantly in states of normal and altered physiology. These
data have been derived from studies at both the single nephron
and whole kidney level of function. The conditions to be
assessed are as follows: (1) the influence of furosemide, a loop
diuretic reported to inhibit tubuloglomerular feedback activity,
(2) diuretics which decrease absolute proximal reabsorption and
acutely increase the rate of fluid delivery out of the proximal
tubule, (3) volume-expanded states, (4) elimination of the
influence of the renin-angiotensin system, (5) the influence of
hyperglycemia and mannitol, (6) acute renal denervation, and
(7) speculations on acute renal failure.
Effect of diuretics known to inhibit tubuloglomerular feedback
activity
Regardless of the specific mechanisms, there is reasonable
evidence that luminal application of loop diuretics such as
furosemide and ethacrynic acid inhibits the normal feedback
response to increases in late proximal flow rate [18—20]. Wright
and Schnermann [18] derived their conclusions at the level of
the single nephron in that application of furosemide to the
microperfusion fluid essentially eliminated the reduction in
nephron filtration rate which normally occurred with major
increases in the perfusion rate of the loop of Henle from the late
proximal tubule. The extent to which the whole kidney regula-
tion of the relation of tubular reabsorption to the load of
glomerular ultrafiltrate is influenced by furosemide administra-
tion has been less extensively evaluated to our knowledge. The
effects of agents such as furosemide could relate to the capacity
to inhibit chloride transport which appears to constitute an
element of the sensing step or afferent limb. One would predict
that administration of such an agent which inhibits feedback
activity should produce major physiologic effects to the extent
that tubuloglomerular feedback activity exerts important influ-
ences in normal physiology. We have recently examined the
effects of large doses of furosemide (4 mg/kg body wt acutely
and 4 mg/kg body wt/hr infusion) in rats in which urinary
volumes were completely replaced and rats in which volume
depletion ensued [21]. Despite major increases in early distal
tubular flow, there was no change in single nephron filtration
rate, suggesting a dissociation of the normal inverse relation-
ship. The difference between SNGFR measured in proximal
and distal tubules was not increased, as one would predict, if
normal feedback systems were intact. Although afferent arterio-
lar resistance decreased, total nephron vascular resistance and
nephron plasma flow remained unchanged by feedback inhibi-
tion. However, it should be noted that furosemide did not
produce vasodilation in the rat, and this agent did not prevent
renal vasoconstriction when volume depletion was permitted.
Recent studies have shown that l0- M furosemide is required
to completely inhibit feedback activity, a concentration which
may not have been attained in studies described [22]. The
results are compatible with an agent which inhibits feedback
activity, but the agent does not produce vasodilation or prevent
the usual and appropriate alterations in renal vascular resist-
ance consequent to volume depletion, at least at a dose of 4
mg/kg body wt.
Effects of diuretics such as benzolamide with primary effects
within the proximal tubule
If the tubuloglomerular feedback system is most sensitive to
alterations in the afferent signal near the normal late proximal
flow rate, then agents which selectively reduce absolute proxi-
mal reabsorption but which have little or no effect on transport
within the distal nephron should elicit increases in renal vascu-
lar resistance and reductions in nephron filtration rate. Benzola-
mide, a carbonic anhydrase inhibitor, decreases not only Na,
HC03, and fluid reabsorption but also reduces chloride trans-
port within the proximal tubule and should, as an acute effect,
increase the delivery of fluid and chloride out of the proximal
tubule [23]. The agent also has no direct inhibitory effect on
chloride transport in the ascending limb. After benzolamide
administration studies in the hydropenic rat revealed that
absolute proximal reabsorption decreased by approximately 8
nI/mm and nephron filtration rate decreased from 29.1 to 21.1
nI/mm, a quantity nearly identical to the reduction in proximal
reabsorption resulting in a constancy of late proximal tubular
flow rate [10, 24] (Fig. 1). More recent studies suggest that the
early distal tubule flow rate increased after the addition of
benzolamide, which might account for the persistence of the
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Control
Fig. 1. Effect of acute administration of benzolamide, a carbonic
anhydrase inhibitor on absolute proximal tubular reabsorption (APR),
single nephron filtration rate (SNGFR), and the rate of distal tubular
delivery offluid out of the proximal tubule (DD) [12, 36]. Parallel studies
have shown that the reduction in APR with benzolamide leads to
transient increases in DD which then activate tubuloglomerular feed-
back mechanisms leading to a reduction in SNGFR, which was mediat-
ed solely by vasoconstriction and reductions in nephron plasma flow. It
is of interest that DD after benzolamide (experimental) was identical to
control values.
feedback signal [25, 26]. Evidence was provided that the
reduction in SNGFR and GFR was the consequence of activat-
ing tubuloglomerular feedback. An oil block placed into proxi-
mal tubules before the administration of benzolamide eliminat-
ed the reduction in SNGFR in those nephrons in which an
increase in flow rate out of the proximal tubule was prevented
[10, 24]. Also, if an oil block was inserted into the proximal
tubule after benzolamide administration, the SNGFR rose
significantly toward the control pre-benzolamide values. Pers-
son and Wright [27] found a similar reduction in nephron
filtration rate after acetazolamide, and they attributed this
reduction to tubuloglomerular feedback mechanisms. These
studies demonstrated an example of activation of tubuloglomer-
ular feedback mechanisms in a whole kidney which results in a
reduction in both SNGFR and whole kidney GFR. This reduc-
tion in SNGFR was solely the result of decreases in nephron
plasma flow secondary to nearly parallel increases in afferent
and efferent vascular resistances [24]. These studies differ
significantly from the demonstration of feedback activity in
single nephron microperfusion studies. First, interruption of the
feedback signal for 2 to 3 mm during benzolamide did not
restore SNGFR to normal, control values, but a 15-mm period
of interruption did increase SNGFR. These findings suggest
that either the duration of the feedback stimulus conditions the
persistence of the feedback response or that the fact all neph-
rons are involved in the feedback stimulation might result in a
persistence of the efferent mechanism despite acute removal of
the afferent stimulus. Schnermann and Briggs have provided
evidence pertinent to the first proposal: Single nephron perfu-
sion at elevated microperfusion rates for prolonged time peri-
ods, that is, 30 mm, is associated with a delayed and incomplete
return of SNGFR to control values (personal communication of
unpublished observations). Their studies also suggest that pro-
longed stimulation of feedback, as produced with benzolamide,
is associated with a delayed return of SNGFR to control values
on withdrawal of the feedback stimulus.
These observations also differ from the single nephron micro-
perfusion examinations: Changes in late proximal flow rate of
only 8 nl/min produced a 30% reduction in nephron plasma flow
and filtration rate. This reduction suggests a greater sensitivity
to small increments in late proximal flow rate in this whole
kidney model of feedback than has been routinely observed
with single nephron microperfusion studies in the same rat
strain [6]. Although Briggs [12] has predicted that feedback
systems should exhibit maximum "gain" or response at or near
the normal late proximal flow rate, there is little direct evidence
from single nephron microperfusion studies that small incre-
ments in late proximal flow rate of as little as 8 nl/min can
reduce SNGFR [24]. It is also possible that this apparent
increased sensitivity around the normal flow rate is the result of
synergistic participation of all nephrons in the feedback re-
sponse. Such a hypothesis would either require some interneph-
ronal "communication" or that changes in physical factors
within the kidney affecting all nephrons may influence feedback
sensitivity of all nephrons in concert.
There are other physiologic examples of feedback activation
at the whole kidney level which may be quite similar or
analogous to the results after administration of carbonic anhy-
drase inhibitors. If hypertonic saline is perfused into arteries of
most organs, the normal response is vasodilation, presumably
secondary to osmotic effects on resistance vessels. When
hypertonic saline is infused into the renal artery, vasoconstric-
tion is the normal response [28]. However, if equally hypertonic
NaHCO3 is utilized for the infusion, renal vasodilation occurs.
Schnermann, Briggs, and Wright [29] have recently examined
the mechanism of this response with both single nephron
micropuncture techniques and whole kidney clearances. During
intrarenal hypertonic sodium chloride, whole kidney GFR and
SNGFR decreased by 20 and 12%, respectively, as determined
from distal tubule collections. Steady-state late proximal flow
rate increased by approximately 3.3 nllmin, primarily as a
consequence of a larger reduction in absolute proximal reab-
sorption. Prior to the reduction in SNGFR, the increase in late
proximal flow rate was undoubtedly much greater and presum-
ably acted as the signal to feedback reductions in SNGFR.
Infusion of hypertonic NaHCO3 resulted in increases in both
SNGFR and GFR. Nashat, Tappin, and Wilcox [28] had
postulated in an earlier study that the renal response to hyper-
tonic saline might be explained by activation of tubuloglomer-
ular feedback mechanisms. One therefore presumes that there
are transient increases in SNGFR and persistent reductions in
proximal reabsorption which also presumably result in in-
creases in distal tubular flow rates, thereby activating feedback
mechanisms to decrease nephron filtration rate. The transient
increases in late proximal tubular flow rate after benzolamide
were entirely the result of the decrease in absolute proximal
reabsorption [24]. The magnitude of the nonsteady state tran-
sient increases are readily estimated after benzolamide at 7 to 8
nllmin, but somewhat more difficult to estimate afte:r hypertonic
sodium chloride, since transient increases in SNGFR undoubt-
edly occurred, the magnitude of which are difficult to estimate.
APR
Experimental
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The early, non-steady increases in late proximal tubular flow
rate after initiating hypertonic sodium chloride infusion may
also have been as large as 7 to 8 nhlmin. This physiologic
condition represents another example in which kidney GFR and
superficial nephron filtration rates are decreased through acti-
vation of tubuloglomerular feedback mechanisms.
Effects of the renin-angiotensin and adrenergic nervous
systems
There has been a continuing debate in the literature related to
the role of angiotensin II (All) in the operation of the tubulo-
glomerular feedback mechanism. The association of the juxta-
glomerular cell and the macula densa cell makes such a postu-
late particularly appealing. Providing proof for such an hypo-
thesis is rather difficult. Stowe, Schnermann, and Hermle [30]
examined the influence of saralasin and converting enzyme
inhibitor on the effects of increasing late proximal flow rate by
the microperfusion of single nephrons. Both agents suppressed
the feedback response to a 40 nl/min late proximal flow rate by
30 to 40%; however, they did not eliminate the feedback
response. In similarly designed studies by Ploth Ctal [31], again
a 30 to 40% inhibition of feedback responses was observed, but
significant responses persisted. Two observations should be
made: There is no proof provided that all of the intrarenal All
activity was inhibited by these pharmacologic maneuvers.
Alternatively, agents such as saralasin and converting enzyme
inhibitor may exert important effects on the hydropenic kidney
(increased nephron filtration rate and reductions in absolute
proximal tubular reabsorption) which may indirectly modify the
feedback response independent of the specific effects on All, as
suggested by recent single nephron studies from our laboratory
in which angiotensin-prostaglandin prevented alterations in
glomerular capillary pressure but not in nephron filtration rate.
Tucker and Blantz [26] examined the effects of saralasin on
the renal responses to benzolamide. Saralasin administration
did not alter the control, pre-benzolamide values, for SNGFR
or renal vascular resistances, yet saralasin prevented an alter-
ation in afferent and efferent vascular resistances and thereby
prevented the reduction in SNGFR during benzolamide admin-
istration [26]. These studies do differ from the studies described
above in that benzolamide administration does not produce a
maximum stimulation of the feedback mechanism but rather
involves modest changes in late proximal flow rate near the
normal value and in the most sensitive range for the feedback
response.
Muller-Suur et al [14] utilized a more indirect approach by
examining feedback responses with microperfusion techniques
in kidneys of markedly different renin contents. There was no
correlation in the magnitude of feedback response to the renal
renin content. Analysis of the meaning of these results is
certainly complicated by the fact that the set point or the normal
late proximal tubular flow rate differs widely among the condi-
tions examined, raising the issue as to whether the standardized
increase in the late proximal tubular flow rate constituted an
equal stimulus. However, it is of interest that the greater
magnitude of SNGFR feedback response was observed in the
clipped kidney of a two-kidney Goldblatt model of hyperten-
sion, a condition which may exhibit the highest renal renin
content but also the lowest value for late proximal flow rate
[14]. Schnermann and Briggs [32] have recently shown that
suppression of feedback activity in the unclipped kidney can be
restored to normal by restriction of protein intake. The activity
of intrarenal All in chronic models also tends to correlate with
intrarenal prostaglandin activity. Recent studies have suggested
that PGI1 or PGE2 is necessary for the normal operation of the
tubuloglomerular feedback mechanism [33]. In summary, there
is no direct evidence that All is the substance primarily
mediating the efferent limb of the tubuloglomerular feedback
mechanism, however, there is compelling evidence that sup-
pression of intrarenal All activity does at least partially inhibit
or modify the responsiveness of the feedback system by mecha-
nisms which could be either specific or nonspecific.
There is no evidence that adrenergic innervation of the
kidney is required for normal function of tubuloglomerular
feedback mechanisms. Takabatake [34] has demonstrated intact
feedback responses to microperfusion in the acutely denervated
kidney, and Stowe, Schnermann, and Hermle [30] found no
effect of 6-OH dopamine, phenoxybenzamine, and reserpine on
feedback responses. Propranolol did suppress feedback re-
sponses but this effect may be related to suppression of the
renin-angiotensin system.
Effects of volume status on tubuloglomerular feedback
mechanisms
It is a generally accepted fact that the volume expansion,
especially with saline solutions, inhibits the activity of the
tubuloglomerular system. Such a conclusion exerts a certain
teleologic appeal since in states of sodium chloride and water
excess, it would seem counterproductive if elevated distal
tubular flow rates caused major reduction in SNGFR, thereby
limiting the capacity to excrete sodium chloride and water.
However, if we carefully examine some of the critical data on
this issue, it is doubtful that feedback activity is completely
inhibited by saline expansion. Dev, Drescher, and Schnermann
[35] found a peristent proximal:distal SNGFR difference of 4.6
nI/mm in rats that had very large intakes (12 mEq Na/day) of
sodium chloride, suggesting the persistence of feedback activi-
ty, at least in the "downward" direction. With acute saline
expansion, Persson, Schnermann, and Wright [36] noted a
diminished percentage change (37 to 19%) in SNGFR in re-
sponse to a 40 nllmin late proximal flow rate. However, this
absolute reduction in SNGFR remained significant (10 nllmin).
Relative to the ambient flow rate, a 40 nI/mm microperfusion
rate during volume expansion may have constituted a lesser
stimulus in terms of a change in the late proximal flow rate.
Moore et al [37] provide recent, convincing evidence for an
effect of volume status in rats treated with DOCA and chronic
saline loading. The early proximal flow rate responses to a late
proximal flow rate of 40 nllmin varied with acute and chronic
alterations in volume status despite apparently similar values
for the late proximal tubular flow rate. It is also possible that
DOCA exerts some added influence beyond volume expansion
since other laboratories have shown marked suppression of
feedback responses after chronic administration of this mm-
eralocorticoid [14, 38]. Schnermann and Weber [39] have
observed the return of feedback responsiveness after DOCA
when PGI2 was administered. It is clear that tubuloglomerular
feedback responses remain intact after adrenalectomy [40]. The
major issue which has not been resolved is whether volume
expansion suppresses feedback responses or whether the stimu-
Functional role of tubuloglomerular feedback 743
lus required to elicit a maximum SNGFR response only in-
creases and to a substantial degree.
There are at least three separate factors contributing to the
observed suppression of tubuloglomerular feedback activity:
First, Persson, Muller-Suur, and Selen [41, 42] and Persson et al
[43] have provided evidence that increases in renal interstitial
pressure lead to suppression of tubuloglomerular feedback
responses. Second, a portion of the effects of volume expansion
on feedback responses may be due to volume-induced suppres-
sion of the intrarenal renin-angiotensin system. Third, suppres-
sion of the renin-angiotensin system could be a contributing
factor.
Tubuloglomerular feedback activity during hyperglycemia
In the course of a recent study examining the specific
mechanisms producing a diuresis during modest hyperglycemia
(430 mg% glucose concentration), we noted large increases in
early distal tubule flow rate and a concomitant small increase in
SNGFR [44]. Because of the apparent dissociation of the
normal inverse relationship of eary distal flow rate and SNGFR,
we further examined the feedback responses during hyperglyce-
mia [451. In a prior study, we noted that the addition of only 5 to
6 mM/liter of glucose to fluid used for perfusion from the late
proximal tubule caused a diminution in reduction in SNGFR
observed when the perfusion rate was increased from 10 to 30
nI/mm [61. In hyperglycemic rats, feedback responses were
tested with native, late proximal tubular fluid containing glu-
cose and no measurable alterations in SNGFR were observed.
However, if native, hydropenic late proximal tubular fluid
containing little or no glucose was utilized in hyperglycemic
rats, partial restoration of feedback response of SNGFR was
observed (approximately 50% of control hydropenic rats, Fig.
2) [45]. These studies demonstrated that modest hyperglycemia
is associated with almost complete suppression of normal
feedback activity. Approximately 40% of the suppression was
due to the elevated glucose concentrations in late proximal
tubular fluid which was shown to reduce fractional reabsorption
of fluid within the loop of Henle [45]. The remaining 60% of
suppressed feedback activity appeared to be due to extralu-
minal events related to the hydropenic state. Renal interstitial
hydrostatic pressure was found to be increased significantly,
which would be compatible with the hypothesis of Persson,
Muller-Suur, and Selen [41], but other extraluminal factors
characteristic of the hyperglycemic state cannot be excluded
from these data. From a practical viewpoint, modest hypergly-
cemia, as is commonly encountered in clinical patients, could
promote a significant and persistent diuresis with consequent
volume depletion as a result of both the tubular effects of
hyperglycemia and a limited capacity to decrease the nephron
filtration rate due to impairment of tubuloglomerular feedback
mechanism. One would predict that a similar series of events
might arise with the prolonged infusion of intravenous mannitol,
an osmotic diuretic, which could cause major volume losses if
feedback activity was similarly decreased by this agent [4, 46].
Tubuloglomerular feedback mechanisms during acute renal
failure
Acute renal failure represents a potentially classic example in
which the tubuloglomerular feedback mechanisms should be
activated to preserve extracellular volume. Tubular damage,
V,, ni/mm
Fig. 2. Analysis of the effects of native and artfficial tubular fluid with
and without glucose SNGFR in both hydropenic and hyperglycemic
rats. Dashed line figures on the right tested at somewhat higher late
proximal microperfusion rates (Vf). The data demonstrate a normal
reduction in SNGFR (7 to 10 nhImin-SNGFR) with glucose-free fluid
containing either 30 mips HCO3 (0) or 10 mM HCO3 ([i) but a
diminished response when 6 mM/liter glucose was added () [8]. Solid
figures on the left at Vf of —25 nI/mm reveal that when glucose-free
native fluid was tested in hydropenic rats (•), SNGFR was —7.1
nI/mm. If glucose-free native tubular fluid was utilized in hyperglycemic
rats, the LSNGFR response was diminished to —4.2 nllmin. If hypergly-
cemic native tubular fluid were tested in hyperglycemic rats, tubulo-
glomerular feedback response was not observed. These data demon-
strate that hyperglycemia results in a complete inhibition of tubulo-
glomerular feedback response to V of 25 nI/mm. Approximately 40% of
this inhibition is due to the effects of glucose in tubular fluid beyond the
proximal tubule and the remainder is due to extratubular effects of the
hyperglycemic state [55].
especially within the proximal nephron, should result in reduc-
tions in tubular transport and major increases in distal flow rate
should ensue which normally would activate feedback mecha-
nisms to lower GFR. Thurau and Boylan [47] have recently
espoused this viewpoint in a highly interesting article. Despite
the logic of this formulation, evidence for a major role for
tubuloglomerular feedback mechanisms in the reduction of
GFR in acute renal failure has been revealed at a surprisingly
slow rate. In certain experimental models, tubular obstruction
and tubular backleak of solutes contribute to the lower GFR,
mechanisms which must be considered separate and distinct
from any contribution of feedback activation. Reductions in the
glomerular ultrafiltration coefficient have been shown impor-
tant in certain experimental models [48, 49], and in others,
reductions in plasma flow and the transglomerular hydrostatic
pressure. The critical issue is whether the damaged tubule
"tells" the glomerulus to reduce its rate of ultrafiltration, and
whether this communication is mediated via the tubuloglomer-
ular feedback mechanism.
The several studies of Mason [50] and Mason et al [5 1—521
have established that tubuloglomerular feedback activity per-
sists in a more or less normal fashion in the early phase of a
variety of forms of experimental acute renal failure. Although
nephron filtration rate was significantly decreased in the several
experimental models which were examined, Mason [50] and
Mason et al [52] demonstrated that increases in the perfusion
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rate of the distal nephron resulted in reductions in nephron
filtration rate, the magnitude of which was decreased but
approximately proportional to the absolute nephron filtration
rate. Unfortunately, when furosemide was utilized, an agent
purported to inhibit the afferent or sensing limb of feedback, no
consistent beneficial effect on the nephron filtration rate could
be observed that was not attributable to an effect of increased
osmolar clearance rather than feedback inhibition [52].
If activation of tubuloglomerular feedback mechanisms con-
tributes to the reduction in GFR during acute renal failure, then
some factor affecting the decrease in GFR should be functional-
ly reversible, at least in the initiating stages. Williams et al [53]
examined a model of ischemic renal failure in the dog and found
that perfusion of the loop of Henle with fluid containing
furosemide did not restore SNGFR toward more normal values.
Although the relation to tubuloglomerular feedback is admitted-
ly speculative, there are recent studies which suggest that
certain components contributing to the reduction are functional
and reversible.
In both gentamicin- and uranyl-nitrate-induced acute renal
failure, reductions in the glomerular ultrafiltration coefficient
have been shown to be critical to the decrease in nephron
filtration rate (in the case of gentamicin, nephron plasma flow is
also decreased) [48, 49]. Schor et al [54] have shown that
concomitant treatment with converting enzyme inhibitor in rats
receiving gentamicin resulted in prevention of the reduction in
SNGFR by preventing the decreases in both the glomerular
ultrafiltration coefficient and nephron plasma flow. Blantz et al
[55] have demonstrated similar findings in another nephrotoxic
model in that converting enzyme inhibitor pretreatment and
plasma volume expansion within a few hours after the adminis-
tration of highly nephrotoxic doses of uranyl-nitrate prevented
the reduction in the glomerular ultrafiltration coefficient, the
major cause for the decrease in nephron filtration rate in this
form of acute renal failure. These studies demonstrate that the
reduction in the glomerular ultrafiltration coefficient and
SNGFR in these two forms of nephrotoxic acute renal failure
are functional in nature and not the direct consequence of toxic
effects of the nephrotoxic agents, since tubular damage was
unaffected by these treatments. These results also suggest that
since the glomerular events are secondary or functional in
nature, there must be some trigger or "communication" be-
tween damaged tubules and the affected glomerulus [54, 55].
The tubuloglomerular feedback mechanism remains a logical
candidate whereby these functional alterations could occur but,
at present, direct proof, to our knowledge, is lacking.
Other physiologic conditions in which suggested roles for
tubuloglomerular feedback mechanisms exist
It has long been recognized that renal denervation in the
hydropenic rat results in reductions in absolute proximal reab-
sorption, yet there is no observable alteration in GFR and the
nephron filtration rate. We have recently examined all of the
determinants of glomerular ultrafiltration before and immedi-
ately after acute renal denervation. Although SNGFR was
unchanged, the glomerular capillary hydrostatic pressure gradi-
ent was significantly increased and, of major interest, the
glomerular ultrafiltration coefficient was significantly de-
creased; the net effect of the two events resulted in a constancy
of SNGFR [56]. This reduction in the glomerular ultrafiltration
coefficient after denervation was prevented by both saralasin
infusion and converting enzyme inhibitor administration, sug-
gesting at least that some intrarenal angiotensin II activity is
required for the reduction in the glomerular ultrafiltration
coefficient after acute denervation. However, the reason or
mechanism whereby the glomerular ultrafiltration coefficient
decreased was unclear. Since renal denervation also decreased
absolute proximal reabsorption and, in the non-steady state
following denervation, SNGFR should have increased were it
not for the decrease in LpA, one would expect that late
proximal tubular flow rate would be significantly increased and
feedback mechanisms may have been activated. Studies were
designed to examine this possibility. Oil blocks were inserted
into late proximal tubules prior to renal denervation and the
changes in SNGFR after denervation were examined in blocked
and unblocked nephrons. The SNGFR increased in blocked
nephrons but not in nephrons in which an increase in delivery of
fluid out of the proximal tubule occurred after denervation [56].
These studies suggest that denervation decreases afferent arte-
riolar resistance and SNGFR transiently increases; along with
the decrease in proximal reabsorption, these effects result in an
increase in late proximal flow rate. Activation of feedback
mechanisms then contributes to a readjustment in renal vascu-
lar resistance but no net vasoconstriction and, in all probability,
the reduction in the glomerular ultrafiltration coefficient. In a
sense, removal of the adrenergic nervous system indirectly
appears to cause activation of other regulatory mechanisms,
that is, the tubuloglomerular feedback mechanism, which tends
to return SNGFR or tubular flow rates toward control values.
Summary
Ever increasing evidence exists that the tubuloglomerular
feedback system exerts a major influence on overall renal
function. Several examples are potentially pertinent to clinical
medicine in which there is reasonable evidence that activation
or suppression of tubuloglomerular feedback mechanisms con-
tribute significantly to alterations in normal renal physiology.
However, in most examples reported, the feedback mechanism
is one of several influences acting in concert to determine the
final nephron filtration rate, its respective determinants, and the
relationship of filtration to the rate of tubular reabsorption. A
more complete understanding of all the factors which influence
and modify the functional role of tubuloglomerular feedback
mechanisms will aid our understanding significantly and the
consequent therapy of a variety of altered physiologic
conditions.
ROLAND C. BLANTZ
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